Introduction
Increasing number of impacting events of many types like traffic accidents, collisions of ships or collisions of a ship either with an iceberg or ship grounding on a narrow rock, etc. induced the rapid development of the impact crashworthiness dealing with research into impact engineering problems, particularly in the field of dynamic response of structures in the plastic range and the design of energy absorbers. Since demands of general public of the safe design of components of vehicles, ships, etc. have increased substantially in the last few decades, a new challenge appeared to design special structural members which would dissipate the impact energy in order to limit the deceleration and finally to stop a moveable mass (e.g. vehicle) in a controlled manner. Such a structural member termed the energy absorber converts totally or partially the kinetic energy into another form of energy. One of the possible design solutions is the conversion of the kinetic energy of impact into the energy of plastic deformation of a thin-walled metallic structural member.
In the early sixties of the 20th century, automotive safety regulations stimulated the development of the new concept of a crashworthy (safe) vehicle that had to fulfil the integrity and impact energy management requirements [2] . A designer of any impact attenuation device must meet two main, sometimes contrary requirements: The initial collapse load has to be not too high in order to avoid unacceptably high impact deceleration of the vehicle. On the other extreme, the main requirement is a possibly highest energy dissipation capacity, which may not be achieved if the collapse load of the impact device is too low. The latter may result in dangerously high occupant "ridedown" decelerations.
Thus, maximizing energy absorption and minimizing peak to mean force ratio by seeking for the optimal design of these components are of great significance.
There are numerous types of energy absorbers of that kind that are cited in the literature [4, 6] . Namely, there are steel drums, thin tubes or multi-corner columns subject to compression, compressed frusta (truncated circular cones), simple struts under compression, sandwich plates or beams (particularly honeycomb cells) and many others. Among all those design solutions, mentioned above, thin-walled metal tubes are widely used as energy absorption systems in automotive industry due to their high energy absorption capability, easy to fabricate, relatively low price and sustainability at collapse. 
sciENcE aNd tEchNology
In the case of thin-walled members subjected to axial compression, which act as energy absorbers, a substantial issue is such a design, which promotes a progressive buckling mechanism, stimulating the highest energy absorption capacity. One of the possible design solutions is the application of a trigger (notch or dent), which releases the most desirable crushing mechanism. There are numerous published results of research concerning energy absorption of thin-walled tubes [2, 4, 6] , however, few deal with tubular structures with dents or other flaws.
State of the art: an overview
As was mentioned above, metal tubes, particularly of prismatic cross-section, subjected to impact load, have been investigated since 60-ties of the 20th century [3] . Many efforts have been made so far by several researchers to reduce the peak load at the initial stage of the crushing process and simultaneously to increase energy absorption capacity in such members, acting as energy absorbers [2, 6] .
At the turn of centuries, a new class of tubular energy absorbers have been introduced, namely axially loaded thin-walled foam-filled metal columns made of different foam material, like polyurethane, metal, polypropylene, etc.. Energy absorbed during the crushing process by such members consists of the energy dissipated in the metal tube and the energy dissipated in the filler.
The problem of the crushing behavior of such members was initially investigated by Hanssen et al. [11, 12] . Then, Wang et al. [20] published the results concerning closed-hat section columns filled with aluminum foam. They derived a theoretical model of such columns and developed a constitutive material model of the aluminum foam on the basis of experimental tests.
In last two decades numerous research results concerning the problem of foam-filled metal columns acting as energy absorbers have been published [6] . Because of many parameters influencing energy absorption capability and more and more complex structural design of such members, optimization procedures occurred to be necessary. One of the first attempts in this area were published by Zarei and Kroger [22] , who performed the optimization of the foam-filled aluminum tube.
In the first decade of 21th century, multi-cell columns have been introduced as energy absorbers, hollow and foam-filled. Chen and Wierzbicki [7] published theoretical results concerning crushing behavior of such structural members. They investigated the axial crushing of multi-cell hollow columns, using analytical and numerical methods and of double-cell and triple-cell foam-filled columns, using FE method. Very recently, Yin et al. [21] performed multi-objective crashworthiness optimization of foam-filled multi-cell columns using different metamodel techniques. The optimization criteria were maximum energy absorption and minimum peak crushing force. They carried out the multi-objective optimization using four metamodels and stated, that the most effective one was Radial Basis Function (RBF) model.
In last few years, research was carried out into another solution, namely the application of multi-cornered thin-walled tubes as energy absorbing members [6] . Abbasi et al. [1] investigated the crushing behavior and energy absorption of hexagonal, octagonal and 12-edge thin-walled columns. Reddy et al. [18] continued to analyze the similar problem for 12-edge columns of different geometry. Ali et al. [5] analyzed the axial crushing of pentagonal and cross-shape thin-walled tubes. Another solution, bitubal energy absorber was investigated experimentally under quasi-static load by Sharifi et al. [19] .
Very recently, W. Liu et al. [17] performed the crashworthiness multi-objective optimization of sandwich star-shaped tubes. They investigated a multi-wall structure, with a star-shaped tube between two circulars.
Another alternative solution are flaws or dents acting as triggers. A trigger may induce the most desirable crushing (collapse) mode, leading to higher energy absorption and mean to peak crushingforce ratio.
Very few published papers deal with tubular structures with dents, dimples or other flaws. An interesting solution has been presented by Z. Yang [23] . The subject of investigation was the crushing behavior of a thin-walled circular tube with internal gradient grooves. The authors fabricated stainless steel thin-walled tube with preset internal circumferential rectangular groove defects using SLM 3D printing method. They observed double buckling-splitting crushing mode. Empty and foam-filled circumferentially grooved thick-walled circular tubes under axial low velocity impact were investigated theoretically and experimentally by A. Darvizeh et al. [8] . In [9] the effect of discontinuity size on the energy absorption performance of square profiles was reported. In [16] the authors studied the behavior of tubular columns with dents, but these flaws were treated as imperfections coming from damage.
One of the first attempts to apply columns with dents as energy absorbers, namely a static analysis of axially compressed square section tube with dents in the corners is presented in [10] . The subject of the investigation was a square-section column with periodically (along the height) situated dimples (redrawn dents) in the corners. FE simulations of crushing behavior were carried out. Very recently, Yang et al [15] investigated circular tubes with periodically situated (both along the circumference and the height) ellipsoidal dimples, subjected to axial crushing force. FE simulations of crushing behavior were performed and experimentally validated by quasi-static tests on 3D printed brass tubes.
The above state of the art overview shows that no research has been undertaken so far into crushing behavior and crashworthiness of thin-walled columns with a prismatic cross-section and non-periodically situated dents. In this paper the crushing behavior of such structural members subjected to axial impact load is investigated.
Subject and aim of the investigation

Structural geometry
The subject of this investigation was a thin-walled square section aluminum tube with four indentations in the corners, formed by means of cylindrical redrawing. The tubes with the dimensions □70x2 and height l=335 mm were investigated. Fig. 1 . Column model with dents generated in Catia v5 system sciENcE aNd tEchNology
The process of modeling of the column with dents was realized with the Catia v. 5 software package in the Generative Shape Design module. The geometrical model was exported to the Abaqus code module. The dent's geometry was characterized by the main radius R=50 mm and relative dent depth with respect to the dimension b of the main diagonal (Fig.2) in the column's cross-section (from 5% up to 30%). The dents were made at the bottom of the column (Fig.1,3 ) or at the top (Fig.3 ). The models with the dents at the bottom of the column were designated by the symbols from A05_X to A30_X, where the first number stands for the relative depth of the dent (in percentage) while X stands for the distance of the dent from the bottom (Fig.4) . Similarly, the models with dents situated at the top of the column (where the impact load was applied) were designated by the column symbols C05_X to C30_X, where X was measured from the top of the column. The column with smooth walls (without dents) was denoted as SM.
FE model
Crushing behavior analysis of the investigated columns was performed on the basis of FE simulations. The FE explicit analysis was carried out using Abaqus 6.13 code. The column was situated between two rigid plates (Fig. 3 ). An FE model of the column was created using 4-node shell elements S4R and it was subjected to impact load of the kinetic energy E= 7.5 kJ, which corresponds to the mass m= 150 kg dropping with the initial velocity V 0 = 10 m/s.
The columns were assumed to be made from the aluminum alloy EN AW6060-T6 (σ Y =175 MPa, σ ult =250 MPa, ν=0.33). Since aluminum alloys do not display a significant sensitivity to the strain rate, a bi-linear material model was applied, neglecting an influence of the strain rate, but taking into account the strain hardening (E=70000MPa, E t =937,5MPa).
In the rigid plates reference points RP were created, where the impact force (at the bottom point) and acceleration, velocity, displacement (at the top point) were recorded. The reference points are shown in Fig. 5 . All degrees of freedom were taken (switched off) at the bottom rigid plate, while at the top plate only one degree of freedom, in the axial direction y, was possible.
Crushing behaviour
The results of the FE calculations reveal, that the failure mode of the investigated flawed columns depends mainly on the redrawing depth (dent depth). Three following main modes of failure were observed: For the smallest values of the dent depth (A05), regardless of the dent position (X), the crushing process was initiated by the local plastic mechanism (first local fold) situated at the center of the column (Fig.6) . Also for A10, but for the position of dent X = 5-15, the same failure mode was observed. For medium values of dents depth (A10, A15) and X≤20 mm, the crushing process was triggered by the local plastic mechanism situated above the dent (Fig.7) . For the largest values of dent depths (A20, A25, A30), regardless of the position of the dent, crushing was initiated by a local plastic mechanism situated exactly at the dent. These three types of failure are denoted below as mode I, mode II and mode III, respectively. The specification of the crushing modes of columns A in terms of dent depth and position of the dent is shown in Table 1 .
A preliminary FE study indicated, that the position of the dent, either at the bottom of the column (A) or at the top (C), does not influence the column's structural behavior significantly, which is shown in Fig. 9 and subsequent Fig. 10 and 11 . The only more significant differences were observed with respect to the PCF factor (larger for the C option). Thus, a further detailed parametric study was focused on the column type A. In all load-shortening diagrams the ordinate indicates the load value RF2 recorded at the lower reference point RP shown in Fig. 5 . The abscissa indicates the vertical displacement U2 recorded at the upper reference point RP, also shown in Fig.5. 
Parametric study
There are several crashworthiness indicators [13, 14] used to evaluate the crashworthiness of the energy absorbing structure (energy absorber). In the present analysis, the following indicators are applied: energy absorption (EA), mean crushing force (MCF), crash load efficiency (CLE), stroke efficiency (St e ).
The typical crushing force -displacement curve for a thin-walled member subjected to axial impact is shown in Fig.12 . Model   A05_X  A10_X  A15_X  A20_X  A25_X  A30_X   X=5  I  I  II  III  III  III   X=10  I  I  II  III  III  III   X=15  I  I  II  III  III  III   X=20  I  II  II  III  III  III   X=25  I  III  III  III  III  III   X=30  I  III  III  III  III sciENcE aNd tEchNology
where d x is a crushing distance (see Fig.12 ).
The mean crushing force (MCF) for a given crushing deformation d x is calculated as:
The crash load efficiency is a mean crushing force (MCF) to peak crushing force (PCF -see Fig.12 ) ratio:
The stroke efficiency Ste is defined as follows: A detailed parametric study into an optimal design of depth and position of the dents with respect to the column's energy absorption capability, namely crashworthiness indicators mentioned above (MCF, CLE and St e ), was performed on the basis of the FE simulations results.
As was mentioned above, the preliminary study showed, that the crushing behavior of columns A (bottom dent) and C (top dent) does not differ. Also, the values of crashworthiness indicators for these two types of columns are similar (except PCF), which is presented in Table 2 . The difference in the Ste factor amounts to about 4.5%, while the CLE factor is larger about 12% for the A option. Since the A option (trigger at the bottom) is more desirable, the results presented below concern columns type A only. Fig. 13 . shows the load-shortening diagrams for columns A with different dent depths and the same dent position, which exhibited sciENcE aNd tEchNology three different crushing modes (see Table 1 ). The character of these diagrams is nearly the same. A significant decrease in the peak crushing force (PCF) is observed in comparison with the column without dents (SM). For the columns A10 (with the relative dent depth of 10%) also three crushing modes were observed, depending on the dent situtation X. Comparative load-shortening diagrams for three columns A10 of three X positions corresponding to three crushing modes are presented in Fig. 14 . Also in that case the character of three diagrams is the same. In "blow-up" piece of the diagram one can notice, that PCF depends mainly on redrawing depth and, in minor extent, on X position. Fig. 15 shows a comparison of the load-shortening diagrams for columns A with the deepest dents (A30) and different X positions. These columns exhibit only the crushing mode III only.
The largest decrease of PCF was obtained for the columns with largest dent depth, which corresponds to crushing mode III and the smallest values of X (Table 3) . The values of stroke efficiency (Ste) are shown in Table 4 and Fig. 17 . This indicator depends on both the dent depth (A%) as well as on its position X. The smallest values are obtained for the relative dent depth (A10).
One of the most important crashworthiness indicators, both for the energy absorption capacity and for biomechanical reasons, is the CLE (mean to peak crushing force ratio). An ideal absorber should, if possible, have the CLE equal to 100%. For the columns under investigation the highest values of CLE were obtained for crushing mode III, corresponding to the deepest dents (A30) and for the smallest values of X, which is shown in Table 5 and Fig. 19 . In Table 5 , the shaded, grey areas visualize CLE values higher than those reperesenting the smooth column SM. The increase of the CLE in comparison with the column without dents (SM) in terms of the relative dent depth, for selected positions of X is shown in Fig. 16. 
Conclusions
The paper reported the results of a parametric study into the energy absorption capability of thin-walled square section columns with dents. The varying parameters were the depth of the dent and the distance of the dent to the base. In addition to this, different positions of the dent, sciENcE aNd tEchNology
i.e., at the base (bottom) and at the top end (where the crushing force was applied) of the column were examined. The results demonstrate that the main factor influencing the crushing mode and, subsequently, energy absorption capability of the column is the depth of the dent. Three crushing modes were determined. The most desirable one is that initiated (triggered) by a local plastic mechanism situated exactly at the dent. This case produced the largest values of relative dent depth (A20-A30), regardless of the position of the dent. For this crushing mode the highest values of crash load efficiency (CLE) and the smallest values of peak crushing force (PCF -Table 3) were obtained, as illustrated in Fig. 16 and Fig.19 . For the deepest dents, the relative increase in the CLE amounted to about 25% for the non-flawed column. The corresponding relative decrease in the PCF amounted to about 24%. For the deepest dents, where crushing mode III could be observed, the CLE indicator decreased with elevating the dent's position. At a smaller depth of the dent, for crushing modes I and II, the dent position has little effect on the energy absorption capability of the column.
The results of the parametric study indicate that the proposed design solution of an energy absorbing thin-walled structure is efficient. Thus, further research will be conducted on multi-objective crashworthiness optimization, taking into account a wide range of geometric and material parameters. In addition to this, an experimental validation of the numerical FE model and numerical results will be performed on columns with dents using a drop hammer rig. 
